The kinetics of the fall in subcutaneous f luid glucose concentration in anesthetized rats (n ‫؍‬ 7) after intravenous injection of insulin (0.5 units͞kg) was studied by using 5 ؋ 10 ؊4 cm 2 active area, <150-sec 10-90% response time, amperometric glucose sensors. The onset of the decline in the subcutaneous glucose concentration was delayed and statistically different (P < 0.001) from that in blood (8.9 ؎ 2.1 min vs. 3.3 ؎ 0.5 min). Similarly, the rate of drop in glucose concentration between 6 and 20 min after the insulin injection was different for subcutaneous tissue (3.9 ؎ 1.3 mg⅐dl ؊1 ⅐ min ؊1 ) and blood (6.8 ؎ 2.0 mg⅐dl ؊1 ⅐min ؊1 ) (P ‫؍‬ 0.003). The hypoglycemic nadir in subcutaneous f luid occurred 24.5 ؎ 6.8 min after that in the blood (P < 0.001). A ''forward'' masstransfer model, predicting the subcutaneous glucose concentration from the blood glucose concentrations and an ''inverse'' model, predicting the blood glucose concentration from the subcutaneous glucose concentration were derived. By using an algorithm based on the latter, the average discrepancy between the measured blood glucose concentration and that estimated from the subcutaneous measurement through the entire 4-hr experiment was reduced from 22.9% to 11.1% (P ‫؍‬ 0.025). The maximum discrepancy during the 40-min period after the injection of insulin was reduced from 84.1% to 29.3% (P ‫؍‬ 0.006).
We address the avoidance of clinical error in the treatment of diabetes when the glucose concentration is monitored not in the blood but in the subcutaneous interstitial fluid, where amperometric sensors, operating continuously, can be placed. Blood glucose concentrations are well correlated with subcutaneous glucose concentrations at steady-state (1) (2) (3) (4) (5) . When the blood glucose concentration increases rapidly (3, 4, (6) (7) (8) (9) or decreases (7, 9, 10) there is, however, a time lag, resulting in a transient difference between the blood and subcutaneous glucose concentrations. With recently developed 5 ϫ 10 Ϫ4 cm 2 active area, Ͻ150-sec response time flexible glucose electrodes, small enough to be implanted not only subcutaneously but also in the jugular vein of rats, it became possible to continuously and simultaneously track the two concentrations and to better time resolve them (11, 12) . Here we report substantial transient differences between the two, large enough to lead to clinical error, after injection of regular insulin. We also show that this transient difference can be modeled and derive an algorithm that corrects for most of the transient difference.
MATERIALS AND METHODS
Glucose Electrodes. The electrodes were structurally similar to the earlier reported ones (12) . Their 5 ϫ 10 Ϫ4 cm 2 active area had three layers. Of these layers, the ''wired'' glucose oxidase transduction layer and the biocompatible layer were identical with those described in ref. 12 . The glucose flux restricting layer however was modified by sequentially filling the 90-m deep, 250-m diameter recess and curing (at room temperature for 20 min) twice with a 1% solution of cellulose acetate in cyclohexanone; once with a 0.5% solution of Nafion (Aldrich) in 1-propanol; and once with a freshly prepared solution of poly(vinylpyridine) acetate (25 mg͞ml in water) and polyfunctional aziridine (XAMA-7, E.I.T. Inc., Lakewilie, SC) (30 mg͞ml in water) in a 1:2 volume ratio, this layer being cured for at least 8 hr.
Response Time. The in vitro response time of the glucose electrodes was measured for both increasing and decreasing step changes in glucose concentration before implantation. The measurements were made at 37 Ϯ 0.5°C in a rapidly stirred, jacketed electrochemical cell containing pH 7.4 PBS. The three-electrode cell had a saturated calomel reference electrode (SCE), a platinum counter electrode, and the glucose electrode, and it was poised at 200 mV vs. SCE.
Step changes increasing the glucose concentration (90 mg͞dl to 180 mg͞dl) were made by injecting into the rapidly stirred solution an aliquot of concentrated aqueous glucose (2 M).
Step changes decreasing the glucose concentration (180 mg͞dl to 90 mg͞dl) were made by injecting PBS into the cell.
In Vivo Experiments. Male Sprague-Dawley rats (380-520 g) were preanesthetized with halothane (Halocarbon Laboratories, North Augusta, SC) and anesthetized by intraperitoneal injection (0.3 ml) of an equal volume mixture of acepromazine maleate (10 mg͞ml), ketamine (100 mg͞ml), and xylazine (20 mg͞ml) . The animals then were shaven about the neck, the abdomen, and the area between the scapulae, then secured on a homeothermic blanket system (Harvard Apparatus). First, the right external jugular vein was located and cleared of extraneous tissue. The distal side of the right vein was tied off with 4-0 silk, and a small cut was made in the vein. A 0.0375-inch diameter medical-grade silastic tube was inserted into the proximal portion of the right jugular vein and secured with 4-0 silk. A dose of 100 units͞kg body weight of heparin solution then was administered, followed by an equal volume of saline, to clear the line. Next, the rat's skin was sutured closed. The rat then was rolled onto its abdomen, while assuring that the line in the jugular vein was not pulled out, and an electrode was inserted in the subcutaneous tissue between the scapulae of the animal by using a 22-gauge introducing catheter needle (PER-Q-Cath, Gesco, San Antonio, TX). The animal then was returned to its back and resecured. The left external jugular vein then was located and cleared of extraneous tissue. Next, the distal side of the left jugular vein was tied off, and a small cut was made in the vein. A silastic tube of Ϸ1.5-cm length was inserted into the proximal side as a guide, and a glucose electrode was inserted inside the guide tube. The tube and the sensor were secured with 4-0 silk, with the electrode's insulating gold wire protruding beyond the end of the guide tube. The incision site then was moistened and packed with gauze. An ion-conducting gel then was applied to a skin reference (Ag͞AgCl) electrode, and the electrode was placed on the rat's abdomen. The implanted electrodes as well as the reference electrode were connected to a biopotentiostat (13) , the output of which was logged with a data logger. After the output of the implanted electrodes reached a stable baseline (0.5-1 hr), an intravenous injection of 0.5 units͞kg of regular insulin (RU-100, Eli Lilly) was administered through the right jugular vein. Blood samples were collected at t ϭ Ϫ20, Ϫ10, Ϫ1, 3, 6, 9, 12, 15, 20, 25, 30, 35, 40, 45, 60, 75 , and 90 min after the insulin injection. The whole blood samples were obtained from the left jugular vein and were immediately placed in tubes containing heparin and sodium fluoride and kept on ice until analysis. All blood samples were analyzed in duplicate by using a YSI Model 2300 glucose analyzer (Yellow Springs Instruments). The insulin dose was injected through the infusion catheter and cleared with heparinized saline. At the end of the experiment the rat was euthanized by sodium pentobarbital injection i.p. or asphyxiation by CO 2 , consistent with the recommendations of the panel on Euthanasia of the American Veterinary Association. All in vivo experimentation was approved by the University of Texas Institutional Animal Use and Care Committee.
In Vivo Sensor Calibration. The implanted electrodes were sufficiently glucose selective (12) to be calibrated by withdrawal of a single sample of blood and assay of its glucose concentration (''one-point in vivo calibration''). After the current output of the sensor stabilized, 20-40 min after implantation and electrical connection to the bipotentiostat, a single sample of blood was drawn and its glucose concentration was assayed by using the YSI glucose analyzer. From this measurement, a current to glucose concentration conversion factor (mg͞dl per nA) was calculated for the implanted electrode. This factor was used to obtain all glucose estimates for the remainder of the test period.
Data Analysis. The onset of the decline in the concentrations of venous and subcutaneous glucose after the injection of insulin were determined graphically by using the timeconcentration plots and a method used in process control to calculate time delays (14) . The tangent line at the point of inflection was drawn (see Fig. 1 ) and the line, tracking the basal concentration of glucose before the injection of insulin, was extended. The intersection of the two lines defined the onset point of the decline. The onset times were referenced to the time at which insulin was injected. The rate of decline in glucose concentration in the period between 6 and 20 min after insulin injection was calculated by linear regression analyses for the periodically sampled blood from the vein where insulin was injected; the contralateral jugular vein, where an electrode was implanted; and for the subcutaneous interstitial fluid, where the second electrode was implanted. The values are presented as means Ϯ SD, along with their statistical significance, assessed when appropriate by a Student's t test for paired data, with P Ͻ 0.05 considered as statistically significant.
RESULTS AND DISCUSSION
In Vitro Response Time Measurements. The intrinsic response times to increasing and decreasing step changes in glucose concentration were 2.59 Ϯ 1.17 min and 1.55 Ϯ 0.79 min (n ϭ 14), respectively.
Intravenous Insulin Tests. Fig. 2 shows the typical output of the subcutaneous and jugular vein electrodes during an in vivo experiment. After insulin injection, the average venous blood glucose concentrations of the rats (n ϭ 7) decreased from 207 Ϯ 67 mg͞dl to 59 Ϯ 12 mg͞dl. The minimum in blood glucose concentration was reached 36.6 Ϯ 7.2 min after the injection of insulin. Table 1 lists the average lag times between the lowest subcutaneous sensor readings and the point of lowest glucose concentration in the concentrations in the blood withdrawn from the vein where the insulin was injected, and also between the lowest readings by the sensor implanted in the contralateral jugular vein and the samples withdrawn from the injected jugular vein. The onsets of the decline with respect to the time of injection of insulin, measured in the injected jugular vein, the contralateral jugular vein, and the subcutaneous fluid are shown in Table 1 , along with the rates of decline in the period between 6 and 20 min after insulin injection. Fig. 3 shows the average difference between the estimates of the subcutaneous glucose concentrations and the actual blood glucose concentrations as a function of time.
The nadir in subcutaneous glucose was statistically different from the nadir in blood glucose (P Ͻ 0.001) and occurred 24.5 Ϯ 6.8 min later. Similarly, the onset of declining subcutaneous glucose levels (8.9 Ϯ 2.1 min after insulin injection) was statistically different (P Ͻ 0.001) from the onset in blood glucose levels (3.3 Ϯ 0.5 min after insulin injection). The rate of drop in glucose levels, between 6-20 min after insulin injection, was slower in the subcutaneous fluid (3.9 Ϯ 1.3 mg⅐ dl Ϫ1 ⅐min Ϫ1 ), than in blood (6.8 Ϯ 2.0 mg⅐dl Ϫ1 ⅐min
Ϫ1
, P ϭ 0.003). In the contralateral jugular vein, the minimal glucose concentration was reached 3.7 min after it was reached in the injected vein (36.6 vs. 40.3 min., P ϭ 0.06). The rates of decline during the 6-to 20-min period were nearly identical in the two opposite jugular veins (6.8 and 7.0 mg dl Ϫ1 min
, P ϭ 0.59). The onsets of the decline in glucose concentrations were statistically different for the opposite veins (3.3 vs. 5.6 min, P ϭ 0.01).
The Relationship Between Subcutaneous and Blood Glucose Concentrations and Its Mathematical Modeling. Forward model: Predicting the subcutaneous glucose concentration from the blood glucose concentration. The relationship between the concentrations of glucose is governed by the mass transfer resistance from the blood to the subcutaneous region near the sensor and by the uptake of glucose by the surrounding subcutaneous tissue. Following a material balance, the rate of accumulation of glucose in the sensing volume V is given by the net rate of mass transfer of glucose into the region less the uptake of glucose by the surrounding cells. Mathematically, this relationship between the concentration of glucose in the subcutaneous tissue S and that in the blood B is given by,
where A is the surface area of the sensing volume, k m is a mass transfer coefficient, and k r is the rate constant for uptake of glucose by the subcutaneous tissue. Although the reaction rate constant also may depend on the local insulin concentration I (15), we find that the associated correction is not required because of this small value of k r . Dividing Eq. 1 by the volume of the sensor region V we find that
where ␤ ϭ k m A͞V and is the reciprocal of the time constant for mass transfer with units min
. This model termed the forward model predicts the subcutaneous glucose concentration from that in the blood.
The results of the model are presented in Tables 2 and 3 . In these tables the differences in the forward model column were calculated by averaging (S p Ϫ S m )͞S m over the entire data set, where S denotes the concentration of glucose in the subcutaneous region, m denotes a measured value, and P denotes a predicted value from the forward model. The differences in the no model column were calculated by (B m Ϫ S m )͞S m . B represents the concentration of glucose in the blood.
A typical plot of a prediction of the subcutaneous concentration of glucose given the concentration of glucose in the blood from the jugular sensor is shown in Fig. 4 , where the only fitted parameter was ␤ ϭ 0.04 min
. The uptake term of the model was found to be negligible for most of the data sets and was set to zero for all sets. This finding is not surprising, because the sensor was placed between the connective tissue and smooth muscle tissue where the rate of glucose uptake is low compared with the rate of uptake in adipose tissue or skeletal muscle (15) .
The values of ␤ were determined by a least-squares minimization of the average error for each individual data set and ranged from 0.04 to 0.11 min
, except for one case, where ␤ equaled 0.22 min
. Our results in rats show that ␤ is relatively constant. If this constancy proves to be true also in humans then it may not be necessary to determine ␤ for each patient, or for different subcutaneous placement sites in a particular patient. Table 2 summarizes the statistics for comparison of the prediction of the forward model with the subcutaneous sensor data. On average the forward model predicted the readings of the subcutaneous sensor from those in blood with a difference of 8.9 Ϯ 7.8%. If the subcutaneous concentration of glucose were estimated to equal that measured by the jugular sensor (i.e., if the model was not used), the average difference would have been 18.2 Ϯ 14.5%. The values derived through the model and those measured differed, and the difference was statistically significant (P ϭ 0.001). In the 40-min interval after injection of the insulin, the time period that is most in need of correction, the average of the maximal differences was decreased through the model from 30.7% to 11.1% (Table 3 , P ϭ 0.01).
Inverse model: Predicting the blood glucose concentration from the subcutaneous glucose concentration. To predict the concentration of blood glucose B given the subcutaneous sensor data S, requires solving the inverse transport problem by using Eq. 2. This creates a problem in that the derivative, dS͞dt, must be evaluated numerically, an operation that amplifies noise. To circumvent this problem, Eq. 2 was rewritten in the form of a Volterra integral equation, both sides of Eq. 2, neglecting the   FIG. 3 . Plot of the average difference (n ϭ 7) of subcutaneous glucose estimates relative to actual blood glucose measurements. % Difference ϭ 100 ϫ (subcutaneous Ϫ blood)͞blood. If one takes the definite integral of Eq. 4 between times and t, and divides both sides by (t) then,
where the variable is the initial time for the present window of computation, and t is the final time for that window. For a given window, B is being computed at time t. Now one must solve the integral equation for B(), given values of S ϭS(t ), at discrete times t . If the model were a perfect representation of the relationship between concentration of glucose in the blood and that in the subcutaneous tissue and if the experimental data were perfect, then this treatment would suffice. However, the data are noisy, and the model, although good, is not perfect. The solution to Eq. 5 is sensitive to noise, its application, without further refinement, resulting in highfrequency oscillatory glucose concentrations (Fig. 5 ). To condition the solution of B() to be smooth, in addition to closely satisfying Eq. 5 with experimental measurements of S(t), the functional f [B] , given by,
was minimized over the windows of data points, where
and
with ϭ t i and N being the number of points in the window of computation. The functional 2 represents the fit between the prediction of the model and the experimental data, and the functional ⌿ indicates the smoothness of the prediction. The last term in Eq. 8 is a finite difference estimate of the integral, where ⌬ is the time difference between data points. The variable is a weight, balancing the amount of smoothing to data-matching and it may in principle range from 0 to ϱ (16). Eq. 6 was discretized and minimized by setting df͞dB equal to 0 to yield a linear set of algebraic equations for the concentration of blood glucose. It was solved for each time at which a measurement was made in the experiment. The condition for smoothing minimizes large first derivatives within the window of computation.
In addition to assuring a relatively smooth solution for B(), this regularization method avoided a lag in the output of the results. The direct application of Eq. 2 would have required Any small imperfection in the data or in the model is amplified when using this method. smoothing the sensor readings before processing the data. However, application of real-time inversion implies that future data are unknown. By using the regularization method, one can smooth in real time.
The value of B() in Eqs. 6-8 was determined by using standard methods (16) . The weight factor first was estimated by the method outlined in ref. 16 . The initial condition of B(0) ϭ S(0) was then enforced within 10% to find a more exact value of based on the initial guess. Further refining of the value of had little effect on the results. Time t ϭ 0 for modeling purposes was taken to be 20 min before insulin injection.
On average, the inverse model predicted in all experiments the performance of blood glucose concentrations sensed in the jugular veins, even when the blood and subcutaneous glucose concentrations were dropping rapidly and from a steady state, within 11.1 Ϯ 10.6% (Table 4) . If the subcutaneous concentration of glucose were considered to equal that given by the jugular sensor (i.e., if the inverse model were not used), the average difference would have been greater 22.9 Ϯ 14.4% (P ϭ 0.025). Furthermore, during the 40-min period after insulin injection, when the dynamic difference was greatest, the maximum difference between the blood and the subcutaneous glucose concentrations was 84.1 Ϯ 36.1%. By using the inverse model the maximum difference between the computed blood glucose concentration and the actual concentration was reduced to 29.3 Ϯ 8.4% (Table 5 , P ϭ 0.006). Plots of the inverse model predictions are shown in Fig. 6 .
CONCLUSIONS
After injection of insulin in the jugular vein of a rat, the concentrations of glucose differed in the subcutaneous fluid from those in the contralateral jugular vein in three ways. First, the onset of the decline in glucose concentration in the subcutaneous fluid was delayed relative to that in blood; second, the maximum rate of decline in the subcutaneous interstitial fluid was slower than that in blood; and third, the minimal glucose concentration was reached considerably later in the subcutaneous fluid than in the blood. These differences can be explained by the mass-transfer resistance between the blood and subcutaneous fluid. Because of the differences, the estimation of blood glucose concentrations from measurements of glucose concentrations in the subcutaneous fluid requires application of a model on which a correction algorithm can be based. This paper provides this model and the sought algorithm.
Application of the algorithm reduced the transient discrepancies between the blood and the subcutaneous glucose concentration after insulin injection in the rat. This raises the hope that related studies in humans also will show that the likelihood of a severe clinical error can be reduced by applying the same or a similar algorithm. In the rat the model predicted the blood glucose concentration from the subcutaneous measurements, even during periods where the blood glucose concentration was dropping rapidly (Fig. 6 ) with an error that was below the total system error of today's home blood glucose monitors (17) (18) (19) . As seen in Tables 4 and 5 , the model allows more accurate prediction of the blood glucose concentrations from the subcutaneous measurements, the average discrepancy between the measured and predicted blood glucose concentration dropping from 22.9% to 11.1% for the 4-hr experiments and the maximum differences from 84.1% to 29.3% for the 40-min periods after insulin injection ( Table 5) .
The results are of particular clinical interest in the context of the danger of rapidly developing hypoglycemia in type I diabetic patients. Although the Diabetes Control and Complications Trials showed that intensive insulin therapy reduced the likelihood of developing the secondary complications of diabetes, such as nephropathy, neuropathy, and retinopathy, (20) it also led, because of the lower average glucose concentration maintained, to a 3-fold increase in the occurrence of severe hypoglycemia (21) . What are the potential clinical   FIG. 6 . Comparison between the concentration of glucose in the blood determined by the sensor (solid line) and predicted by the inverse model (dashed line) with regularization for rats 1-7. 95 (1998) implications of these results? If the uncorrected measurements of subcutaneous glucose concentration were used to estimate the actual blood glucose concentration after intravenous injection of an insulin bolus, an overestimate of the blood glucose concentration leading to a clinical error, would have resulted (Fig.  3) . The model, and the algorithm based on it, improve the ability to correctly determine from subcutaneous glucose concentration measurements actual hypoglycemia and, from measurement of the rate of drop in glucose concentration in the subcutaneous fluid, also to predict impending hypoglycemia.
